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SUMI ' IAR Y
T h i s  t h e s i s  d e a l s  w i t h  t h e  f o r m a t i o n  a n d  t h e  p r o o e r t i e s  o f  u l t r a -
s t rong po lye thy lene f ibers  p repared by  the  ,sur face-growth '  p rocess .
U l t r a - s t r o n g  f i b e r s  m a y  b e  p r e p a r e d  b y  c r y s t a l l i z a t i o n  o f  h i g h
m o l e c u l a r  w e i g h t  p o l y e t h y l e n e  f r o m  a  d i l u t e  s o l u t i o n ,  i n  w h i c h  a
seed c rys ta l  i s  used to  in i t ia te  c rys ta . l  g rowth .  ïhe  process  o f
c r y s t a l l i z a t i o n  i s  a c c e l e r a t e d  i n  t h e  h i g h - s h e a r  r e g i o n  n e a r  t h e
s u r f a c e  o f  a  r o t a t i n g  c y l i n d e r  i n  a  C o u e t t e  a p p a r a t u s .  T h e  f i b e r
o b t a i n e d  b y  t h i s ' s u n f a c e - g r o w t h '  p r o c e s s  i s  c o n t i n u o u s l y  w i t h d r a w n
f r o m  t h e  s o l u t i o n ,  a t  a  r a t e  c o r r e s p o n d i n g  t o  i t s  l o n g i t u d i n a l
g r o w t h  r a t e .  T h i s  m a y  g i v e  r i s e  t o  a  s t e a d y  s t a t e  w h i c h ,  u n d e r
f a v o u r a b l e  c o n d i t i o n s ,  m a y  l a s t  f o r  w e e k s ,  r e s u l t i n g  i n  a  f i b e r  w i t h
a  l e n g t h  o f  s e v e r a l  k i l o m e t e r s .
The purpose o f  the  work  descr ibed in  th is  thes is  was to  ga in  an
' i n s i g h t  i n t o  t h e  s u r f a c e - g r o w t h  p r o c e s s .  S u c h  a n  i n s i g h t  m a y  l e a d
to  a  be t te r  unders tand ing  o f  the  fundamenta ls  o f  f iber  fo rna t ion
i n  g e n e r a l .  S p e c i f i c a l l y ,  a n  i m p o r t a n t  p o i n t  w a s  w h y  t h e  s t r e n g t h
o f  sur face-growth  f ibers  i s  s t i l l  cons . iderab ly  lower  than the
theore t ica l  s t rength  o f  po lye thy lene.  Fur thermore ,  i t  seemed im-
por tan t  to  f ind  ou t  whether  the  sur face-growth  process  cou ld
eventua l l y  be  used fo r  the  produc t ion  o f  f ibers  on  an  indus t r ia l
s c a l e .
Chapters  2  to  7  dea l  w i th  aspec ts  o f  the  process  o f  f iber  fo rmat ion ,
s u c h  a s  t h e  m e c h a n i s m ,  t h e  k i n e t i c s  o f  c r y s t a l l i z a t i o n ,  t h e  c o n d i t i o n s
r e q u i r e d  f o r  a  c o n t i n u o u s  p r o c e s s  o f  c r y s t a l l i z a t i o n ,  t h e  e f f e c t  o f
s c a l i n g - u p ,  a n d  t h e  i n f l u e n c e  o f  h o t - d r a w i n g  o n  t h e  m e c h a n i c a l
p r o p e r t i e s  o f  t h e  p r o d u c e d  f i b e r s .  ï h e  c h a p t e r s  B  t o  1 1  d e s c r i b e  t h e
m e c h a n i c a l  p r o p e r t i e s ,  t h e  c r y s t a l  I  i n e  s t r u c t u r e ,  a n d  t h e  d j s s o l u t i o n
b e h a v i o u r  o f  t h e  p o l y e t h y l e n e  f i b e r s .
A t  f i r s t ,  t h e  m e c h a n . i s m  u n d e r l y i n g  t h e  f o r m a t i o n  o f  t h e  u l t r a - s t r o n :
f ibers  was inves t iga ted  (Chapter  2 ) .  l4easurements  o f  the  shape an í l  the
c r o s s  - s e c t i o n a l  a r e a  o f  t h e  f i b e r ,  a n d  o f  t h e  t a k e - u p  f o r c e  r e q u i r e d
t o  w i t h d r a w  t h e  f i b e r  f r o m  t h e  f l o w i n g  s o l u t i o n ,  w e r e  c a r r i e d  o u t  a s  a
func t ion  o f  the  ro to r  speed and the  take-up speed.  In  these exper iments
r o t o r  s u r f a c e s  w i t h  v a r i o u s  c h e m i c a i  c o m p o s i t i o n s  a n d  d e g r e e s  o f
roughness  were  used.  From these measurements  i t  was  in fe r red  tha t
sur face-growth  invo lves  the  adsorp t jon  o f  a  ne twork  o f  en tang led
m o l e c u l e s .  A d s o r " p t i o n  o f  t h j s  s o - c a l l e d  g e ' l - ' l a y e r  t a k e s  p l a c e  b o t h  o n
the  ro to r  sur face  and on  the  growing  f iber .  The shear  be tween the  ro to r
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s u r f a c e  a n d  t h e  f i b e r  c a u s e s  t h e  e x t e n s
the  ne twork .  Taut  mo lecu les  o f  the  ne tw
c h a i n  c o n f o r m a t i o n  a n d  c o n s t i t u t e  t h e  c
f i b e r .  C h a i n  e n d s  a n d  l o o s e  m o l e c u l e s  y
o n  t h e  b a c k b o n e s .  I n  t h e  l a m e l l a r  c r y s t
One o f  the  most  impor tan t  fac to rs  lnv
f i b e r s  i s  t h e  o r i e n l e d  c r y s t a l I  i z a t i o
i n t o  t h e  k i n e t i c s  o f  c r y s t a l  l  i z a t i o n  w a
dependence o f  the  mass  growth  ra te  on  t
was  meaEured.  The observed near ly  l inea
descr ibed by  the  theory  o f  long i tud ina l
d imens iona l  c rys ta l  nuc lea t ion .  Howeve
a l s o  a g r e e d  f a i r l y  w e l l  w i t h  t h e  l a w s  o
a p p r o a c h  a c c o r d i n g  t o  w h i c h  n u c l e a t i o n
c r y s t a l l i z a t i o n  a c c o r d i n g  t o  w h i c h  t h r e
sp inoda l  decompos i t ion  o f  de fec ts  a re  r
stronger temperature dependence than th
Ca lcu la t ions  based on  a  compar ison o f  t
temperature of polyethylene in p-xylene
polated maximum temperature of crystal l
tha t  the  po lyner  co i l s  a re  g rea t ly  ex te
sur faceArowth  process ,  v iz .  by  a  fac to
Under  some cond i t ions  ,  sur face-grc
by  the  f rac tu re  o f  the  growing  f iber .  I
f rac tu re  may occu l in  severa l  reg jons  o
(Chapter  4 ) .  Under  h igh  ro to r  speeds th
due to a too rapid rate of f ibrous grow
i tse l f  a round the  ro to r ,  wh ich  causes  f
speed the  c rys ta l l i zed  f ibers  a re  very
s t r e s s e s ,  a l s o  c a u s i n g  r u p t u r e '  I n  c a s e
h i g h ,  a l s o  t h e  m a s s  g r o w t h  r a t e  i s  r a t h
dep le t ion  o f  the  adsorbed layer  on  the
the  in te r rup t ion  o f  f ib rous  growth .  Und
speeds cont lnuous  growth  can be  es tab l i
reg ions  depend s tnong ly  on  the  tempera t
a lso  found tha t  con t inuous  growth  takes
is  tu rned . in  the  ro to r  sur face '  The gro
t rack  and thus  prevents  a  too  rap id  lon
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sur face  and the  f iber  causes  the  ex tens ion  and the  c rys ta l l i za t ion  o f
the network, ïaut rnolecules of the netríork crystal l ize in extended-
chain conformation and consti tute the continuous backbones in the
f iber .  Cha in  ends  and loose molecu les  y ie ld  the  lamel la r  overgrowth
on the  backbones.  In  the  lamel la r  c rys ta ls  the  cha ins  are  fo lded.
One of the most important factors involved in the formation of
f ibers  i s  the  or ien ted  c rys ta l l i za t ion  There fore ,  an  inves t iga t ion
in to  the  k ine t ics  o f  c rys ta l l i za t ion  ras  car r ied  ou t  (Chapter  3 ) .  The
dependence of the mass growth rate on the temperature of crystal l izat ion
was neaíured. Íhe observed nearly l inear relat ionship could be
described by the theory of ' longitudinal crystal growth, involving two-
dimensional crystal nucleation. Horíever ,  the data
a lso  agreed fa i r l y  we l l  w i th  the  laws o f  in t r ins ic  g rowth  k ine t ics ,  an
approach according to which nucleation is not required. Theories of
crystal l izat ion according to which three-dimensional nucleation or
spinodal decomposit ion of defects are rate detennining, predict a
stronger temperature dependence than that which was observed.
Calculat ions based on a comparison of the equil ibr ium dissolut ion
temperature of polyethylene in p-xylene (118.6oC) and the extra-
polated maximum temperature of crystal l izat ion (13loC) showed clear' ly
that the pol lrner coi ls are greatly extended in the course of the
surfacearowth process, viz, by a factor of about 15.
Under some condit ions , surface-growth is interrupted
by the fracture of the growing f iber. Investigations indicated that
fracture may occur in several regions of rotor speed and take-up speed
(Chapter 4). Under high rotor speeds the steady state is disturbed
due to a too rapid rate of f ibrous growth. In this case the f iber wraps
itself  around the rotor, which causes fracture. Under high take-up
speed the crystal l ized f ibers are very thin, which induces excessive
stresses, also causing rupture. In case both rotor and take-up speedsare
h igh ,  a lso the  mass  growth  ra te  i s  ra ther  h iqh .  ïh is  may lead to  a
deplet ion of the adsorbed layer on the rotor surface, which causes
the interruption of f ibrous growth. Under moderate rotor and take-up
speeds continuous growth can be establ ished. The l imits of the various
regions depend strongly on the temperature of crystal l izat ion. I t  was
also found that continuous growth takes place more readi ly i f  a groove
is turned in the rotor surface. The groove keeps the f iber in i ts proper
track and thus prevents a too rapid longitudinal growth.
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Frac ture  occurs  p redominant ly  under  cond i t ions  lead ing
to  g rea t  take-up fo rces .  There fore ,  the  or ig in  o f  the  take-up fo rce . ,
inves t iga ted  (Chapter  5 ) .  Forces  were  measured as  a  func t ion  o f  ro tc .
speed and tempera ture ,  us ing  so lu t ions  o f  e . i ther  rubber  o r  po lye thy l r - ,
in  p -xy lene.  I t  was  conc luded tha t  the  cont r ibu t ion  to  the  fo rce , ,
a s s o c i a t e d  w i t h  t h e  g r o w t h  p r o c e s s  i t s e l f ,  i . e .  d u e  t o  c o i l  d e f o r m a t . : -
and c rys ta l l i za t ion ,  amounts  to  on ly  about  1 /3  o f  the  to ta l  fo rce .  I r
one appara tus  a  take-up tube is  used to  conduct  the  f iber  to  the
take-up dev ice .  The f r i c t ion  be tween the  f iber  and th is  tube adds  to
the  take-up fo rce .  The main  cont r ibu t ion ,  however ,  a r ises  f rom the
f r i c t ion  be tween the  f iber  and the  ro to r  sur face .  Equat ions  were
deve loped present ing  bo th  the  take-up fo rce  and the  take-up s t ress  as
a  func t ion  o f  a  number  o f  p rocess  var iab les .  The fo rces  ca lcu la ted
wi th  these equat ions  agreed very  we l l  w i th  the  exper imenta l  resu l ts .
Moreover ,  the  equat ions  cou ld  be  used to  descr ibe  the  l im i ts  o f  the
reg ion  where  cont inuous  growth  can take  p ' lace .
In  o rder  to  avo id  the  cont r ibu t ion  to  the  take-up fo rce  ar is ing
f rom the  f r i c t ion  in  the  take-up tube,  a  new type o f  sur face-growth
appara tus  was deve loped (Chapter  6 ) .  Th is  appara tus  has  a  ro to r  w i th
a  hor izon ta l  ax is ,  wh ich  has  the  advantage tha t  a  take-up tube is  no t
needed.  Moreover ,  t , , r i th  th is  appara tus  i t  was  poss ib le  to
s imu l taneous ly  g row severa l  f ibers  on  one ro to r .
In  o rder  to  fu r ther increase the  ra te  o f  f iber  fo rmat ion ,  a  sur face-
growth  appara tus  w i th  a  very  la rge  hor izon ta l  ro to r  was  cons t ruc ted .
The rotor had a diameter of 600 Íf fn, which amounts to an increase by
a fac to r  o f  f i ve ,  as  compared to  the  prev ious  ro to rs .  Unfor tunate ly ,
w e  d i d  n o t  s u c c e e d  i n  e s t a b l i s h i n g  c o n t i n u o u s - g r o w t h  w i t h  t h i s
appara tus ,  a l though the  many a t tempts  were  car r ied  ou t  under  a  b road
range o f  p rocess  cond i t ions .  In  these exper iments  the  take-up fo rces
were  h igh ,  wh ich  caused f rac tu re .  One o f  the  an t ic ipa ted  advantages
of  the  la rge  ro to r , i ,e .  a  smal le r  f r i c t iona l  fo rce ,  was  no t  observed
in  the  exper iments .
Exper iments  p resented  in  chapter  4  have ind ica ted  tha t  f ibers  w i l l
show creep in  the  course  o f  sur face-growth ,  i f  the  take-up s t resses  are
h i g h .  0 n  o n e  h a n d ,  c r e e p  l e a d s  t o  a  h i g h  o r i e n t a t i o n  o f  t h e  c h a i n s ,
and there fore  exce l len t  mechan ica l  p roper t ies ,  bu t  on  the  o ther  hand,
f a i l u r e  b e c o m e s  m o r e  l i k e ï y .  I t  i s  a l s o  p o s s i b l e ,  h o w e v e r ,  t o  a c h i e v e
t h e  h i g h  o r i e n t a t i o n  i n  a  s e p a r a t e  s t a g e ,  i , e .  b y  h o t - d r a w i n g  t h e
f ibers  tha t  were  prev ious iy  p repared by  sur face-growth  (Chapter  7 ) .
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B y  h o t - d r a w i n g  t h e  l a m e l  a e  a r e  t r a n s f o r
b o n e  c r y s t a l l  i t e s .  T h i s  l e a d s  t o  a  s l g n '
mechan ica l  ProPer  t ies .
I n  o r d e r  t o  b e  a b l e  t o  p r e d i c t  t h e  l i r
p rocess  one has  to  know the  s t rength  o f
o f  c r y s t a l l i z a t i o n .  T e n s i l e  t e s t s  c a r r i r
to  140oC showed tha t  the  y ie ld  s t ress ,
modu lus  decrease s t rong ly  when tempera t t
p o l a t e  t o  z e r o  a t  1 5 0 o C  ( C h a p t e r  B ) .  F i i
d i s p i a y e d  c o n s i d e r a b l e  y i e l d i n g .  T h e s e
tha t  a lso  dur ing  sur face-growth  c reep mi
measurements  ind ica te  tha t  the  max imum
ta l l i za t ion  tempera tures  o f  110 to  i30o
15 í  respec t ive ly  o f  the  s t rength  a t  ro
The tempera ture  where  s t rength ,  y ie ld  s
to zero corresponds to the temperature
the orthorhombic polyethylene crystal s t
The poss ib le  in f luence o f  th is  phase t r
behaviour of polyethylene at temperatur
The t rans i t ion  to  the  hexagona l  phase
of  w ide-ang le  X- ray  d i f f rac t ion  ( I ' IAXD)
tempera tune,  and by  d i f fe ren t ia l  scann i
I n  s e v e r a l  o r i e n t e d  h i g h - m o l e c u l a r  w e i g
the  hexagona l  phase was observed a t  a  t
was  s tab le  up  to  200oC.  È lo reover ,  the  t
revers ib le ,  and the  t rans i t ion  tempera t
heat ing  ra te ,  ind ica t ing  the  superheata
Pre l im inary  exper iments  ind ica ted  tha t
be  depressed by  app ly ing  tens i le  s t ress
that the hexagonal phase may also have
growth  process ,  wh ich  takes  P lace  I
I  300c .
I t  i s  we l l  known tha t  no t  on ly  ho t -d t
app l ied  to  improve the  mechan ica l  p rop t
Annea l ing  o f  sur face-growth  f ibers ,  ho t
i n c r e a s e  o f  t h e  t e n s i l e  s t r e n g t h  ( C h a p l
de fec ts  wh ich  lower  the  s t rength ,  have
defec ts ,  there fore ,  migh t  we l l  be  the  <
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By hot-drawing the lamellae are transformed into load-bearing back-
bone c rys ta l l i tes .  Th is  leads  to  a  s ign i f i can t  improvement  o f  the
mechanical propert ies.
In order to be able to predict the l imits of the surface-growth
process one has to know the strength of the f ibers at the temperature
o f  c rys ta l l i za t ion .  Tens i le  tes ts  car r ied  ou t  in  the  range f rom 20oC
to l40oC showed that the yield stress, the tensi le strength, and the
modulus i lecrease strongly when temperature is increased, and extra-
polate to zero at 150oC (Chapter 8). Fibers tested at 90oC or higher
d isp layed cons iderab le  y ie ld ing .  These resu l ts  ind ica te  once more
that also during surface-growth creep may take place.Furthermore, these
measurements indicate that the maximum stress in the f iber at crys-
ta l l i za t ion  tempera tures  o f  110 to  l30oC.cannot  be  h igher  than 30  to
15 Í respectively of the strength at roon temperature.
The temperature where strength, yield stress and modulus extrapolate
to zero corresponds to the tenperature of the phase transit ion from
the orthorhombic polyethyl ene crystal s to the hexagonal modif icat ion.
The possible inf luence of this phase transit ion on the deforrnation
behaviour of polyethylene at temperatures below 150oC is discussed.
The transition to the hexagonal phase was further studied by means
of wide-angle X-ray dif fract ion ( l lAXD) carr ied out as a function of
temperature, and by dif ferential scanning calorimetry (Chapter 9).
In several oriented high-molecular weight polyethylene structures
the hexagonal phase was observed at a temperature of 150oC, and i t
was stable up to 200oC. l4oreover, the transit ion was found to be
reversible, and the transit ion temperature increased with increasing
heating rate, indicating the superheatabi l i ty of this phenomenon.
Prel iminary experiments indÍcated that the transit ion temperature can
be depressed by applying tensi le stresses. This observation suggests
that the hexagonal phase may also have sorne inf luence on the surface-
growth process, which takes place between 1100C and
1300c.
It  is well  known that not only hot-drawing, but also annealing may be
app l ied  to  improve the  mechan ica l  p roper t ies  o f  var ious  na ter ia ls .
Annealing of surface-growth f ibers, however, did not result in an
' inc rease o f  the  tens i le  s t rength  (Chapter  10) .  Th is  ind ica tes  tha t  the
defects which lower the strength, have a rather low mobil i ty. These
defec ts ,  there fore ,  migh t  we l l  be  the  cha in  en tang lements .
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Fur ther  in fo rmat ion  regard ing  the  topo logy  o f  the  cha ins  in  the
sur face-growth  f ibers  was ob ta ined f rom an inves t iga t ion  in to  the
d i s s o l u t i o n  b e h a v i o u r  ( C h a p t e r  1 l ) .  I t  w a s  f o u n d  t h a t  t h e s e  f i b e r s
n o r m a l l y  d i s s o l v e  r a p i d l y  i n  p - x y i e n e  a t  1 1 9 o C .  0 n  t h e  o t h e r  h a n d ,
when the  f ibers  a re  cons t ra ined by  f i x ing  bo th  ends  in  a  c lamp,  the
d isso lu t ion  takes  p lace  on ly  very  s lowly  a t  a  much h igher  tempera ture
o f  135oC.  The d isso lu t ion  behav iour  o f  ho t -d rawn po lye thy lene and
spun ny lon-6  f ibers  was a lso  s tud ied .  I t  cou ld  be  in fe r red  f rom these
measurements  ha t  the  inc rease o f  the  d isso lu t ion  tempera ture  resu l t i . ;
f rom cons t ra in ing  the  f ibers  i s  re la ted  to  the  presence o f  en tang led
cha ins  wh ich  are  t rapped in  c rys ta l l i tes .  A t  the  h igher  tempera ture  o f
l 3 5 0 C  t h e  c h a i n s  s l i p  t h r o u g h  t h e  c r y s t a l l i t e s  s o  t h a t  d i s e n t a n g l e m e n t
occurs  and the  f iber  may d isso lve .  Th is  cha in  topo logy  deduced f rom
the d isso lu t ion  behav iour  bears  s t rong s imi la r i t y  w i th  an  en tang lement
network ,  wh ich  is  in  l ine  w i th  the  conc lus ion  reached above by  s tudy ing
the  mechan ism under ly ing  the  sur face-growth  process .  The presence o f
d e f e c t s  s u c h  a s  e n t a n g l e m e n t s ,  l o o p s ,  k i n k s ,  j o g s ,  e t c .  e x p l a i n s  t h a t
the  s t rength  o f  sur face-growth  s t ruc tu res  is  fa r  lower  than theore t ica l ' .
e s t i m a t e d  v a l u e s .
One o f  the  conc lus jons  o f  the  present  work  i s  tha t  the  ra te  o f  the
sur face-growth  process  depends main ly  on  the  growth  ra te  o f  the  c rys ta l -
l i tes  and on  the  ra te  o f  adsorp t ion  o f  po lymer  molecu les  on  the  ro to r
sur face .  I t  has  been shown in  th is  thes is  tha t  the  dr iv ing  fo rce  fo r
c rys ta l l  i za t ion  can be  in f luenced by  means o f  chang ing  the  tempera ture
or  the  ro to r  speed.  I t  shou ' ld  a lso  be  poss ib le  to  inc rease the  ra te  o f
f i b e r  f o r m a t i o n  b y  e n h a n c i n g  t h e  r a t e  o f  a d s o r p t i o n ,  e , g , b y  c h a n g i n g
the  so lvent ,  the  ro to r  sur face ,  o r  the  molecu la r  we igh t  and molecu la r
we igh t  d is t r ibu t ion  o f  the  po lymer ,  o r  by  us ing  another  po lymer  o r  a
copol ymer.
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S A M E N V A T T  I  N G
I n  d i t  p r o e f s c h r i f t  w o r d e n  e n i g e  e i g e t
p o l y e t h e e n v e z e l s  e n  h u n  b e r e i d i n g  v o l g t
Droces  beschreven.
Zeer  s te rke  veze lS  kunnen worden verva i
v a n  h o o g  m o l e c u l a i r  p o l y e t h e e n  v a n u i t  \
t i e r e n  m e t  b e h u l p  v a n  e e n  k i e m k r i s t a i '
daarb i i  versne. ld  door  de  s te rke  a fschu
v lak  van een ro te rende cy l inder  in  een
Bi j  d i t  "opperv lak te -groe i "  p roces  wor '
n u  u i t  d e  s t r o m e n d e  o p l o s s i n g  g e t a k e l c
komt  met  z i jn  aangroe ' i sne lhe id .  Zo  on t
d ie  onder  guns t ige  omstand igheden gedu
en waarb i i  een k i lometers  lange veze l
Het  in  d i t  p roe fschr i f t  beschreven ond
inz ich t  te  verwerven in  he t  "opperv lak
kan le iden to t  een ru imer  begr ip  van d
voor  he t  p roduceren van veze ls .  Onder  n
waarom de s te rk te  van de  "opperv lak te -
r i j k  lager is  dan de  theore t ische s te r
he t  van  be lang te  weten  o f  he t  opperv l
worden voor  de  indus t r iê le  p roduc t ie  v
In  de  hoofds tukken 2  to t  7  worden asp
h a n d e l d ,  z o a l s  h e t  m e c h a n i s m e ,  d e  k i n e
de voonvaarden voor  he t  v lo t  en  cont in
proces ,  he t  e f fec t  van  schaa lvergro t in
ken op  de  mechan ische igenschappen va
1 l  worden de  mechan ische igenschappen
op losgedrag van de  po lye theenveze ls  be
Een onderzoek  naar  he t  mechan lsme van
s c h r e v e n  i n  h o o f d s t u k  2 .  M e t i n g e n  v a n
v a n  d e  v e z e l ,  e n  v a n  d e  t a k e l k r a c h t  d i
s t r o m i n g  i n  u i t  d e  o p l o s s i n g  t e  t r e k k €
v a n  r o f , o r -  e n  t a k e l s n e l h e i d .  H i e r b i i  n
v l a k k e n  m e t  v e r s c h i l l e n d e  c h e m i s c h e  s a
gevens kon a fge le id  worden da t  b i j  he t
van omst renge lde  molecu len  adsorbeer t
a a n g r o e i e n d e  v e z e l .
